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The previ-ous paper has discussed measurement of fine particle
homogeneous slurries in which there are no settling effects. This paper is
concerned with slurries which have a seLiling tendancy i. e. they require a
certai-n degree of agitation or movement to maintain the coarsesL particles in
suspensi-on. These are termed heterogeneous slurr|es. The simplest
heterogeneous slurries consist of near mono sized discrete grannular parLicles
in water e.8.r beach sand in water. More complicated slurri-es are those
involving both fi-ne and coarse parLlcles. In this case the fline parlicles
eause an increase i-n the viseosity above that of water. The coarser particles
can be envisaged as being suspended in a high densily viscous carrier f1uid.
In many cases this carrier fluid will possess a yield stress. This may be
sufficienL to suspend Lhe coarsest particles when Lhe slurry is static.
However once the slurry is sheared this supporing mechanism is lost and
dynamic effects nust prevenL partj-cIes settling.

SLURRY CHARACTERIZATION

The major measurements required to characterize a slurry are:

Particl-e size
Solids SG

Viscosi ty
Concentration
Surface chemistry aspects - pH, coagulants, flocculants, thinners
Slurry abrasivity

Parlicle Size

A particle size distribution is required. Eor parLicle sizes above
about 50 microns standard sleving methods can be used. Betow this other
melhods nusL be used such as sedimentaLion Lechniques, cyclosizer, microscopyr
and most, recently the laser beam insLrument. An imporLanL poi-nL to note
however is that sub-sieve particles mainly infl-uence slurry behaviour through
thelr effect on the viscosiLy and so their actual size 1s relatively
unimportant. This means a sieve analysis is generally aII that is required.

Sol-ids Density

The denslty of the dry solids needs to be determined by standard
densi-ty bot,tle techniques. The likeIy varlation in thls density from sample
to sample is import,ant as is any vari-aLion with parLicle size. With coalparticles the density varies strongly with ash content and this relationship
shculd be deLermined. When pumping coal slurries some ash can be leached outwith a consequent reduetion in solids density. This effect can beconvenientl-y studied in a wheelstand test rig (Thomas, 1986). A further
complicaLion with coal slurries is that the effect of inherant rnoisture onparticl-e densiLy needs to be addressed.
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Viscosit y

ParLlcles less lhan 50 microns can sLrongly influence::=...-tr:_j--.
Viscosity measurement relies on shearing of the slurry. The r:s-- : _-....::._:- .

instrument is the rotaLional- viscometer wj-th the cup and bob at-:::.a=--_=:---. -,
obtain high shear rates the gap widlh is usually smal1, of lhe ::-:=: :: = :=-
millimeLres. To avoid jamming, all particles greater than abcui :....:.-:_ _-
the gap widt,h should be screened ouN. Typically thls might rceat : --:.-:.--.:_
0.5mm. Maximum shear rates are generally in the range 500 rc l::- s:: -'
rthi-nil slurnies reducing Lo around 100 to 200 sec-1 for t,hieker sl-:::_=:.

These relaLively low shear rates are not a serious limilation l:: :-:=-_-=
hydraluic prediction. The fhicker slurries will be pumped under lz- -:..-: : - _ -
condiLions wiLh the relevant shear rates at typical pumping veLoct:-=: ::_--l
relatively low. This means lhe viscometer data can be used ,:_l=_:_..- .

prediet lami-ner flow pi-pe perfornance. The slt,uation wit,h thinner s -::_:: -:not so sLraight forward sinee they w111 often flow under turbulenL:::-t---_,-:
at normal pumping veloclties. There are a number of proposed l::3:-.. :,-
predicling pressure gradient of non-NewLanian slurry f1ow. Some oi '-:..=. =-:Hanks & Dadia (1971 ) are based on the Bingham plastic model wh.::- :=:.--_:=:
data al high shear raies to accuraLely determine the parameters. L :--:-
recent analysis (Wil-son and Thomas, 1985) also requires high shear :,--. :1_-._
sinceit,requires1aminarf]-owdat,auptoShearstressva1uesequ.=.
presenLi-nturbu1enLf1ow.0btainingth1shighshearratedata?7..::
problem wit,h rotati-ona1 viscometers. Tube vlscometers can genera---.' =-::1_-
high shear raLes so they can be used although chey are less conven. =::.
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The heterogeneous effects associaLed with bhe set,tlinq
0.5mm size particles still have to be allowed for.
conditions t,he sJ_iding bed theory of Wilson (1976) is
question of what is the relevant viscosity to use

tendancy oi the
For turbulent
most, relevant.

when ealculating
particle settling velociLy immedlately arises . Use of Lhe Bingha: : - - . -_ _ ,

viseosity, which equals the ef f ective viscosi-Ly at inf iniLe shear :a--= . -_::. t:
to overestirnate lhe settling velocity and the correct viscosity va-:= --::=1::
LobesomewherebetweenthisviscosityandtheeffectiveviscosiLy.'-'-....
shear stress i-n questj_on.

The effect of coarse particles under laminar pipe flow conditions -s 1 .:-._
understood area. Work of KenchingLon ( j976) , Thomas ( j979) and D,_tcn:; ,..:. --
aL (1983) is relevanL.

Concentrati-on

For slurry eharacteri-zation the concent,rati-on is mcs.- .7-= - - -

determined by oven drvlng a sample. Viscometer tests ar three .i : - ,-different concentraLions will generallv provide suf f icienl data -,1 7.'' -- 
- ^

interpolatlon of properties to intermediate concenLrations . ., 1-_:
interpolation it is convenient Lo f it rheologi-ca1 models to the d.,'"e : - : :. t:t,he Bingham plastic, the power law and the yield power law.

Surface Chemistry Aspeclq

As the size of parlicles is reduced body forces betwee., :1.-,--_::
became more predominate as do surface forces. Addition of coagularr:s : - -_ -. 1:
Alum, thinners such as poryphosphaLes and pH changes, wirl ali l_-,-. :..-
degree of attracLi-on between particles. This alters t,he viscosltl.. ---. --=:--_:
of the Bingham plastic model these chemicaf changes tend to alter --... -;---_:
stress with the plastic viscosity remaining constanL. Polymer floc:;-,:..-,: -.=
commonly used in mineral process plant thickeners. These acL by -,:: ---_--:-_=:
molecules forming bridges beLween the particles. FlocculaLion i-rr:r=a-:s --...
yield stress but usually not by the same degree as it increases -rr.= s=::--:-a
rate. These flocculated slurries are not very stable with the i-:cs l:-i.i
easily broken by shearing.
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SIurry Abras j-vity

The abrasivity of the slurry and the particle size affect the likeIyplpe and pump wear'rates. A popular abrasivi-ty criteria j-s the Mirl_er number(Mil-ter 1974). Thls Lest was developed Lo predict wear rates resulting fromrubbing Lype abrasion occurring in reciprocating pumps. It. is someLimes usedin predicting pipe wear rat,es, but it is not ideal in this regard. Thewheelstand test ri-g is more suited for this purpose (Thomas, 1986).

3 ON-LINE MEASUREMENT

0n-lrne lleasurement techniques are governed by the overiding necessilyfor the insf,runeni Lo be non-invasive. Slurries, by nature, are erosive tovarious degrees and so, many instruments which are used in water and gasappli-cati3ls 2re unsuitable for slurry servj-ce. Further requirements are theneed rc a';: i:icgging and to arlow for effecLs of any slurry 
"ug."g"tion.

The prin:-:=- lrlantities of interesl are:

Pressure
Flow rate
Density
Vi sco sl r, 

-/

Pressure

1 --^

::: ronitoring of slurry pressure standardLransroiii=:s are used in conjunction with isolating
mounLed :.: a'rcid seltling blockage problems.

E ',t 
^,, :^ - ^r f vw -i1_=

Ul-traso:t-: ,Coopler flow meLers which strap
also s;t:::l-e for slurry use. They have the
sensiL:'.'= :c velocity profile changes
rliqtnii,.-: -- Dulrur lJr,-,..1, Decause of this they should b

onto the outside of Lhe pipe
advantage ol porLability, but

and parti-c1e concentration
e field calibraLed.

pressure gauges and
diaphragms, suiiably

are
are
and

is a useful
homogeneous

*- 
=-.

lle raagnetic flow meter is Lhe most commonly used flow neasuremenlinsi:'u:eni ' The main IiraiLaLlon concerns slunries conlaining magneticminera-s' Even in nominally non-magnetie slurries, trace amounts of magneticmaLerra- 3an foul the elecLrodes. Self eleaning elecLrodes subjecLed tononi ri: -. .,1r-^^Psl rrq-J irr-r'asoni-c vibration are avai-lable Lo overcome this. Magnetic flowneL3l's ar: i-nsensitive lo velocity profile changes providlng Lhe profiles areaxfsT--=::L'' Thus fl-ow changes from ]aminar to turbulent flow have no effecton L:]e a:3uracy. Non-axisymmetric velocj-t,y profiles do affecL the accuracyand s' -,]-Lh hetrogeneous slurries Lhe flow meter should be placed in averL:-:a- s:ction of pipe.

Fnn ar:- - 4-t ^,,r-!a-- : ruw rates the coriolis effect mass f10w meterinstrune:i: arthough it is very susceptible to pipe wear. Forslurries --re venturi Lube can be used Lo measure flow rae.

Density

The nucfear density gauge is a reriable non-lnvasive strap-on typeinst'rument wicery used in indusLry for on-l-ine density measurement. Knowi-ngthe density of the liquid the solids concentraLion can also be moni-Lored.This inst'rumenL measures the in-situ densiLy. ti,lith heterogeneous slurries thein-situ concenLralion may be significantly different from Lhe deliveredconcentration" Eor Lhis reason Lhe gauge should be located on a vertlcalsection of pipe wlth velociLies sufficiently high to ensure minimum holdup ofsol ids .
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Other Less satisfacLory methods of density measurement, include sLati-c pressure
measurement and weighing a length of horizonLal pipe. The Coriolis effect
mass fl-ow meter can also measure slurry densiLy.

Viscosity

On-line measurement of viscosity, although in pri-nciple simple, is in
pracLice quile di-fficult. Rellability and avoidance ol boekages are of prime
consideration. The two basic approaches use either the tube vi-scometer or Lhe
rotational viscometer principle. Both types are currently on the markeL. The
tube viscometer is inherantly lhe simplest and with proper desi-gn to avoid
blockages during shuLdown etc is reliable. With rolaLional viscometers
considerable compliealion is needed to sample the required quanlity and avoid
blockage and settlement problems.

Both types essentially measure the effecLive viscosity at a single shear rate.
For a non-Newtanlan fluid this does not fu11y eharacterize lhe flow curve, but
Lhis is nol a serious limitation for on-line conLrol purposes.

Dj-rect shear sLress measurement instrumenLs are available, bul these measure
Lhe product of velocity and viscosity and so require velocity measuremenL to
obtain the viscosl-ty. They are also susceplible Lo wear and blockage
problems.
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